Hormones are dynamically collected by fenestrated capillaries to generate pulses, which are then decoded by target tissues to mount a biological response. To generate hormone pulses, endocrine systems have evolved mechanisms to tightly regulate blood perfusion and oxygenation, coordinate endocrine cell responses to secretory stimuli, and regulate hormone uptake from the perivascular space into the bloodstream. Based on recent findings, we review here the mechanisms that exist in endocrine systems to regulate blood flow, and facilitate coordinated cell activity and output under both normal physiological and pathological conditions in the pituitary gland and pancreas.
Introduction
Finely tuned secretion of hormones is essential for regulating a multitude of basic body functions such as growth, metabolism, reproduction, and lactation. The pulsatile pattern of secretion of most hormones, resulting in burst like or episodic increases in circulating concentrations, is necessary for the generation of an appropriate downstream physiological response as well as the regulation of target cell function in both health and disease (Wildt et al. 1981 , Matthews et al. 1983 , Giustina & Veldhuis 1998 , Robinson & Hindmarsh 1999 . The generation of hormone pulses requires not only the energy demands of thousands of highly active endocrine cells to be met but also the temporally precise entry of hormone into the bloodstream. To achieve this, endocrine cell activity and output has to be temporally correlated with changes in blood flow, resulting in the replenishment of cell energy stores and the coordinated passage of hormone into the vasculature. Therefore, organisms have evolved mechanisms to tightly regulate blood perfusion and oxygenation, coordinate endocrine cell responses to secretory stimuli, and promote hormone uptake by blood vessels. This has prompted recent studies to explore whether endocrine systems possess different regulatory mechanisms to adjust blood flow velocity in response to metabolic demand, structurally organized populations of endocrine cells that favor coordinated responses, and specific mechanisms that permit hormone storage in the perivascular space before diffusion into the bloodstream (Bonnefont et al. 2005 , Nyman et al. 2008 , Sanchez-Cardenas et al. 2010 . Since endocrine systems must display marked plasticity in response to varying physiological demand, these mechanisms must rapidly and reversibly adapt to the prevailing conditions (Robinson & Hindmarsh 1999 , Islam 2010 . Moreover, defaults in hormone levels and their rhythms are signatures of many socioeconomically costly hormonal disorders (e.g. diabetes, hypopituitarism and infertility) (Knobil et al. 1994 , Carroll et al. 1998 , Islam 2010 . Consequently, during the past 50 years, an impressive number of studies have been conducted to understand how hormone secretion is regulated and how hormone output can be modified/restored to reverse common hormonal disorders. Despite this, practically nothing is known about how hormones, locally secreted by endocrine cells, are captured by fenestrated capillaries and how blood vessel dynamics contribute to the formation of hormone pulses in the bloodstream. In light of recent findings (Nyman et al. 2008 , the aims of the current review are to describe the mechanisms which exist in the pituitary gland and the pancreas to: 1) regulate blood flow to adapt to varying metabolic demand during periods of plasticity in hormone release; 2) facilitate coordinated cell activity and output; and 3) regulate hormone entry into the bloodstream. In addition, we will detail the potential role that these mechanisms play in the development of pathologies related to endocrine dysfunction.
Vascular system

Structure and common features
Endocrine organs are typically irrigated by a network of fenestrated capillaries that allow transendothelial transit of medium-sized molecules (i.e. incoming secretagogs and released hormones) (Henderson & Moss 1985) . Pancreatic islets, for example, are embedded in a very dense microvascular network, that is, almost two-to three-fold denser than in surrounding exocrine tissue ( Fig. 1 ). In addition, endocrine cells in islets are closely apposed to and polarized toward islet vascular endothelial cells (Bonner-Weir 1988) , and produce factors that promote the formation of fenestrae (Lammert et al. 2003) . In the pituitary gland, blood supply is provided by the hypothalamohypophyseal portal vasculature (Harris 1955 , Daniel 1966 , 1976 , which ramifies into a specialized perfusion system to deliver hypothalamic signals to target pituitary cells (Harris 1947) . Some pituitary cell types also form topologically organized networks in close apposition to the pituitary vasculature (Bonnefont et al. 2005 . What would be the benefit of such close relationships between vasculature and organized cell networks? As an example, proximity to highly fenestrated vessels may be of considerable advantage for cells needing to respond synchronously to changes in metabolic demand. In fact, small gaseous molecules, such as oxygen, can freely diffuse from the blood to the tissue, following their gradient (Birol et al. 2007 ). However, to accommodate the increased metabolic demand observed in endocrine cells during secretory episodes, oxygen diffusion may not be rapid enough, and blood flow may require local adjustment to increase delivery. Although proper oxygen supply is essential for endocrine function, very little is known about how oxygen intake and consumption are temporally regulated during hormone release in the pituitary. Similarly, the mechanisms by which signaling molecules are distributed to endocrine cells remain elusive. The circulation of stimulatory or inhibitory molecules may be restricted by vessel pore size and require additional transport mechanisms. Indeed, fenestrations contain a diaphragm composed of radial fibrils converging on a central knob (Bearer & Orci 1985 , Stan et al. 1999 , and may act to regulate molecule diffusion from the blood to the perivascular space, influencing the rate of transcapillary transport of hormones toward the bloodstream. The microvasculature in endocrine organs may therefore, in addition to dispersing incoming signaling molecules and clearing secreted products, function as a gatekeeper that shapes the distribution and the clearance of hormones from the gland.
Regulation of blood flow
It is generally believed that an increase in endocrine cell activity during hormone secretion leads to increased blood flow to meet metabolic demand. Although the exact mechanisms remain unclear, release of vasoactive substances most likely plays an important role. During an acute deficit in oxygen supply, the coordinated release of highly diffusible vasoactive factors, such as nitric oxide (NO), is triggered (Prabhakar 2006 , Kemp et al. 2009 ), inducing changes in mural cell tone. Mural cells, usually vascular smooth muscle cells (VSMC), line vessel walls and regulate blood flow. However, VSMC are absent from the pituitary, and are only found on large efferent arterioles in murine pancreatic islets (Lai et al. 2007 ). Nevertheless, the microvasculature in these tissues possesses specific regulatory mechanisms to allow the control of blood flow (Satoh et al. 1989 ). Pericytes, another type of mural cell related to VSMC, are putative candidates since they can induce vessel constriction and modify vascular diameter and blood flow (Rucker et al. 2000 , Peppiatt et al. 2006 ). These cells have been detected in both the pituitary and pancreatic islets (Farquhar 1961 , Nakamura et al. 1995 , Richards et al. 2010 ) and may play an important role in blood flow regulation (Gaengel et al. 2009 ). NO, the main regulator of vascular tone, can be produced by a variety 1994 , Andric et al. 2001 , Tsumori et al. 2002 , and vascular endothelial cells express endothelial NO synthase (eNOS; Garcia-Cardena et al. 1996) . Both nNOS and eNOS produce NO using L-arginine as substrate. Various peptides, including hypothalamic neuropeptides and pituitary hormones, can modulate NOS activity and vascular tone (Boger 1999 , Tsumori et al. 2002 . NO, in turn, can modulate secretory activity and hormone output (Gonzalez-Hernandez & Gonzalez 2000) . In pancreatic islets, both endothelial cells and b-cells express NOS (Corbett et al. 1992a ,b, Alm et al. 1999 and NO influences both regulation of islet perfusion and hormone secretion (Salehi et al. 1996) . In rodents, glucose considerably increases blood flow specifically at the level of islets (Jansson & Hellerstrom 1983 , Nyman et al. 2010 ) through the induction of vasodilation by the central nervous system as well as local NO synthesis (Jansson & Hellerstrom 1986 , Carlsson et al. 1999 ). On the contrary, blood flow rate remains unchanged in the exocrine pancreas. This differential regulation of blood flow may implicate sphincter-like activity of endothelial cells and extra-islet gates (McCuskey & Chapman 1969 , Moldovan & Brunicardi 2001 . Shunting may be partly achieved by pericytes, which are present in the pancreas (Richards et al. 2010) , although this remains to be investigated. In addition, insulin decreases islet blood flow ) through induction of normoglycemia as well as direct affects on vascular tone (Sparrow & Beckingham 1989 , Montagnani et al. 2001 . Figure 2 summarizes potential mechanisms for blood flow regulation in the islets.
Blood flow measurement and oxygen consumption
Direct in vivo measurement of blood flow in endocrine organs has been particularly challenging due to lack of appropriate models which allow identification of cells in situ and technical constraints on imaging deep structures. Only recently have high temporal and spatial resolutions been combined to measure islet blood flow velocities under differing states of glycemia (Nyman et al. 2010 ). In the pituitary, direct measurements of differences in blood flow rates in individual vessels or the relationship between local blood flow and secretion of hormone has remained unresolved. By taking advantage of transgenic mice expressing eGFP-tagged GH cells (Magoulas et al. 2000) and a novel imaging approach using long working distance objectives, we have been able to measure blood supply dynamics and oxygen consumption in relation to GH pulse generation in a physiologically relevant context ; Fig. 3 ). We were particularly interested in how blood flow and tissue oxygen partial pressures (Ptiss,O 2 ) varied during hormone release following stimulation with GHRH, the major GH secretagog. Using plasma fluorescently labeled with large molecular weight dextrans, we were able to measure red blood cell (RBC) velocity (appearing as shadows) and found that blood flow was independent of vessel diameter and variable within the pituitary. Oxygen partial pressures (Ptiss,O 2 ) were measured using Clark-type O 2 microsensors (Bergsten et al. 2002) , and revealed little variation in resting conditions. On the contrary, following GHRH challenge, RBC velocity, GH cell electrical activity, and Ptiss,O 2 deflections increased, coincident with the appearance of a GH pulse in the bloodstream (Fig. 3 ). To confirm that GH cell coordinated activity was positively correlated with increased oxygen consumption, acute pituitary slices, in which oxygen supply is stable, were used . Therefore, we demonstrated for the first time in vivo that GHRH-induced GH secretion was associated with coordinated GH cell activity, increases in local blood flow and changes in partial oxygen pressure within GH cell clusters ; Fig. 3 ). It should be noted, however, that the ability of GHRH to activate nNOS and increase NO production, as opposed to a compensatory increase in blood flow in direct response to tissue hypoxia, may account for the observed increases in blood flow (Boger 1999 , Tsumori et al. 2002 . Potential regulatory mechanisms that may exist in the pituitary to modify blood flow following GHRH stimulation have been proposed . Figure 2 Potential mechanisms for blood flow regulation in the pancreatic islets. Stimulation of glucose-sensitive neurons increases islet blood flow through indirect actions on parasympathetic outflow (vagus) and direct actions on islet vasoactive substance release (acetylcholine and NO). Glucose, acetylcholine, low pO 2 and insulin can stimulate NOS expression in endothelial cells, eliciting relaxation of pericytes and vascular smooth muscle cells (presumably located on the internal and/or external islet gates) and leading to increased blood flow. Ach, acetylcholine; Enos, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; NO, nitric oxide; VSM, vascular smooth muscle. Red arrows indicate blood flow direction.
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These include upregulation of inducible NO synthase (iNOS), eNOS and cyclooxygenase activity in pituitary cells, resulting in release of NO and prostaglandins. These potent vasodilators may then induce relaxation of pericytes, leading to the increased blood flow which is observed in response to the GHRH-induced decrease in Ptiss,O 2 . In islets, comparable episodes of oxygen consumption were observed simultaneously with increases in b-cell calcium-spiking activity (Jung et al. 2000) . However, NOS inhibition in islets does not affect oxygen tension following glucose challenge suggesting that increases in islet blood flow cannot be simply explained by metabolic demand for oxygen (Carlsson et al. 2002a) . As insulin has known vasodilator properties (Sparrow & Beckingham 1989 , Montagnani et al. 2001 , local blood flow increase may be a consequence of hormone secretion as opposed to an increase in oxygen consumption. Other mechanisms, such as adenosine production associated with islet metabolism, may favor local increases in blood flow velocity (Carlsson et al. 2002b ).
Endocrine cell coordination
Release of hormones from endocrine cells is evoked by humoral, neural, or hormonal stimuli. Most secretory stimuli are carried by the blood and must diffuse rapidly into the endocrine parenchyma to reach their targets. We modeled the entry of such stimuli by monitoring the distribution of 4 kDa dextrans (approximate size of most hypothalamic secretagogs) from the bloodstream into the parenchyma . Following i.v. injection, the 4 kDa marker spread rapidly and radially from the vessels and the extent of diffusion of the 4 kDa fluorescent marker was limited in distance to !100 mm from the injection site due to rapid capture by vessels. These results suggest that groups of pituitary cells are exposed to differential secretagog concentration gradients and that other mechanisms must exist to allow coordinated cell responses in the face of such heterogeneous stimulation.
For many years, it was assumed that endocrine cell types in the pituitary gland were randomly distributed throughout the parenchyma and that changes in the secretion of hormone-releasing factors from hypothalamic nerve terminals were primarily responsible for the observed plasticity in pituitary hormone secretion. However, this does not fit with studies in dispersed pituitary cells, where the ability of hypothalamic releasing hormones to evoke endocrine secretion is 100-to 1000-fold lower than that observed in the intact tissue (Tannenbaum et al. 1976 , Sartor et al. 1985 . We have previously shown that GH-producing cells in the pituitary gland are arranged into a topologically organized network in close association with the pituitary vasculature. By virtue of this three-dimensional organization, GH cells are able to mount large-scale coordinated responses following arrival of secretagog, increasing the amplitude and efficiency of cell signaling events and hormone secretion (Bonnefont et al. 2005 , Sanchez-Cardenas et al. 2010 . These responses are severely impaired when the GH cell network is 'broken' using transgenic approaches (Waite et al. 2010) , implicating structural integrity in the coordinated transmission of cell-cell information. Therefore, endocrine cell networks may represent a physical mechanism that facilitates coordinated activity following encounter with heterogeneous stimuli. Like their counterparts in the pituitary, endocrine cells in the islets of Langerhans are topologically organized in a non-random manner. Murine islets consist of a b-cell core, principally responsible for the maintenance of blood glucose concentrations through the secretion of insulin, surrounded by a mantle of a-, d-, and PP-cells (Bonner-Weir et al. 1993) . Of particular note, b-cells are homotypically linked by gap junctions, allowing emergence of coordinated calcium oscillations which drive calcium-dependent secretory bursts of insulin in response to glucose stimulus (Santos et al. 1991 , Ravier et al. 1999 , Kjems et al. 2002 , Benninger et al. 2008 ). Furthermore, intimate molecular crosstalk between b-cells and endothelial cells is essential for endocrine pancreas function ).
Regulation of hormone uptake
Endocrine cells respond to stimuli by generating coordinated changes in signaling molecules (i.e. cytosolic calcium) that are responsible for driving secretion of hormones into the extracellular space (Schlegel et al. 1987 , Mollard & Schlegel 1996 , Stojilkovic et al. 2005 . Hormones are dynamically collected by fenestrated capillaries to make pulses, which are then decoded by target tissues to mount a biological response. The exocytosis of hormones packed into docked granules is a very fast event (ms-s range) and quickly stops after cessation of stimulus (Tse et al. 1993 , Mollard et al. 1995 . However, while the pituitary GH cell network discharges signaling and exocytotic events rapidly in response to GHRH, the appearance of GH pulses in the bloodstream requires several to dozens of minutes (Clark et al. 1987 ). Such enigma is widely observed in most, if not all endocrine glands. As another example, human islets display a wide variety of electrical and calcium-spiking activities ex vivo, but their roles in mediating pulsatile secretion of insulin (pulses at w5 min intervals) remain unanswered since the fate of secreted insulin between the b-cells and the lumen of fenestrated capillaries is not known (Islam 2010) . Although a perivascular space was identified in the 1950s (Rinehart & Farquhar 1955) , its role remains widely unexplored, and it has been proposed to act as a modulator of hormone uptake by fenestrated capillaries. For instance, GH released upon GHRH stimulation may be stored in the perivascular space long enough to play a role in the control of blood vessel density and maintenance (Sonntag et al. 2000) .
To model hormone uptake by capillaries and investigate the role of the perivascular space in hormone storage in the pituitary gland, we locally injected fluorescent markers of different sizes (4 kDa for ACTH; 20 kDa for GH, PRL) into the endocrine parenchyma of anesthetized animals . We found that, although passage toward blood vessels was rapid, significant amounts of larger markers remained sequestered in what appeared to be a perivascular compartment (Fig. 4) . These results suggest that GH pulse generation is not simply a GH cell network response, but is shaped by the tissue microenvironment, involving a role of the perivascular space as a gatekeeper or rate-limiting step for hormone uptake by fenestrated pituitary capillaries. Although fluorescent sugars present the advantage of possessing a large number of fluorescent markers per molecule, development in the future of cost-effective fluorescently labeled bioactive hormones, with emission properties detectable using in vivo imaging, will provide invaluable tools to study diffusion and transport of hormones in their native environment. Furthermore, such methods will help resolve whether the mechanisms of hormone transport across the endothelial barrier involve passive diffusion through fenestrae and/or saturable receptormediated processes, a matter still debated for most transcapillary hormone transports (King & Johnson 1985 , Steil et al. 1996 , Hamilton-Wessler et al. 2002 .
Importance in pathology
There is increasing evidence that vasculopathies may precede a range of endocrine diseases such as diabetes mellitus and pituitary tumors. Extended literature in the past decade has provided evidence for dynamic interactions between blood vessels and pancreatic b-cells, which are pivotal for enhancing insulin expression and b-cell proliferation in response to increased insulin demand during body growth, pregnancy, and virtually all conditions associated with insulin resistance. A failure in this adaptive response might contribute to the onset of diabetes (Eberhard et al. 2010 ). In addition, abnormalities in islet blood flow regulation have been described in animal models of functional stress on b-cells (Atef et al. 1992 , Jansson 1994 , Svensson et al. 1994 , as well as following rejection of experimentally transplanted islet grafts (Olsson et al. 2000) . Lastly, impairment of pericyte recruitment, which may interfere with blood flow regulation, has also been implicated in diabetes (Clee et al. 2006 ). In the pituitary gland, deregulation of pituitary blood flow has been observed in adenomas (Turner et al. 2003) and acquired hypopituitarism (Dusick et al. 2008) . The former are a significant cause of morbidity in both rodents and humans, and increases in angiogenic factor expression, NOS immunoreactivity and blood flow have been detected in adenomatous tissue (Kemeny et al. 1987 , Heaney et al. 2002 , Kruse et al. 2002 . Altogether, the exact pathophysiological mechanisms involved in these modifications remain unclear. Hence, the study of the microcirculation may help unveil the contribution of flow abnormalities to the development of endocrine pathology.
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